The structure of lignin and suberin, and ferulic acid (FA) content in cork from Quercus suber L. were studied. Extractive-free cork (Cork), suberin, desuberized cork (Cork sap ), and milled-cork lignins (MCL) from Cork and Cork sap were isolated. Suberin composition was determined by GC-MS/FID, whereas the polymers structure in Cork, Corksap, and MCL was studied by Py-TMAH and 2D-HSQC-NMR. Suberin contained 94.4% of aliphatics and 3.2% of phenolics, with 90% of ω-hydroxyacids and α,ω-diacids. FA represented 2.7% of the suberin monomers, overwhelmingly esterified to the cork matrix. Py-TMAH revealed significant FA amounts in all samples, with about 3% and 6% in cork and cork lignins, respectively. Py-TMAH and 2D-HSQC-NMR demonstrated that cork lignin is a G-lignin ( > 96% G units), with a structure dominated by β-O-4′ alkyl-aryl ether linkages (80% and 77% of all linkages in MCL and MCL sap , respectively), followed by phenylcoumarans (18% and 20% in MCL and MCL sap , respectively), and smaller amounts of resinols (ca. 2%) and dibenzodioxocins (1%). HSQC also revealed that cork lignin is heavily acylated (ca. 50%) exclusively at the side-chain γ-position. Ferulates possibly have an important function in the chemical assembly of cork cell walls with a cross-linking role between suberin, lignin and carbohydrates.
Introduction
Cork is a cellular tissue with a protective function that is present in the outer barks of higher plants, as part of the periderm and the rhytidome, in variable proportion in different species. A paradigmatic and well-known example is the cork from Quercus suber L., the cork oak, which is commercially exploited as a valuable raw material, and quite intensively studied for that reason (as reviewed by Pereira 2007) . Cork is also present in the periderm of other plant parts, such as in potato (Solanum tuberosum L.) tuber.
The chemical composition of cork is characterized by suberin as the main structural component of the cell wall (CW) (Pereira 2013) . Suberin is considered by most researchers as the aliphatic macromolecular structural component of cork CWs, which is topochemically linked to lignin as the structural phenolic polymer of the CW (Marques et al. 1999; Pereira 2007) . The composition of the aliphatic monomers and inter-monomeric linkages in suberin are now fairly well established: suberin is a polyester network composed of glycerol and long-chain poly-functional fatty acids, ω-hydroxyacids, and α,ω-diacids (Graça and Pereira 1997, 2000a; Bento et al. 1998 Bento et al. , 2001 Olivella and del Río 2011) . This composition has been validated in corks from barks of other species, e.g., Q. variabilis Blume (Miranda et al. 2013) , Q. cerris L. (Şen et al. 2010) , Pseudotsuga menziesii (Mirb.) Franco (Graça and Pereira 2000b) , and Betula pendula Roth. (Pinto et al. 2009 ).
However, the supramolecular architecture of suberin and the assembly of the cork CW components are still not fully understood, particularly regarding the differentiation between lignin and the suberin-associated polyphenolic moiety. The presence of lignin in corks from tree barks has been demonstrated, and it has been found to be composed mostly of guaiacyl (G) lignin, with only minor amounts of syringyl (S) and p-hydroxyphenyl (H) units (Marques et al. 1996 (Marques et al. , 1999 (Marques et al. , 2006 Marques and Pereira 2013) . However, the structure of the phenolic network involved in suberization is still a matter of discussion, and particularly when addressing cork tissues in plants other than tree barks (Kolattukudy 2001; Bernards 2002) . Lignin with an S-G-core has been identified in potato suberized tissues by thioacidolysis (Lapierre et al. 1996) , cinnamyl alcohol precursors were identified by 13 C-NMR (Yan and Stark 2000) , and a lignin-like polyphenolic domain built up by hydroxycinnamic acid precursors was identified by 13 C-NMR studies (Bernards et al. 1995) .
The inclusion of a polyphenolic network in the suberin matrix and its relationship with the other CW polymers are still unclear. The occurrence of ferulates in suberized CWs is well known, although the amounts found in suberin extracts largely depend on the depolymerization procedures -which is < 1% in suberin saponification products -that only cleaves ester bonds (Graça and Pereira 1998, 2000a,b) , or amounts up to 9% in more aggressive tetramethylammonium hydroxide thermochemolysis (Py-TMAH), which cleaves both ester and ether bonds (García-Vallejo et al. 1997; Bento et al. 2001; Olivella and del Río 2011) .
Lignin is a complex heterogeneous polymer built-up by an oxidative coupling of the three main p-hydroxycinnamyl alcohol monolignols (p-coumaryl, coniferyl, and sinapyl alcohols). Moreover, other precursors may also be involved in the monolignol biosynthetic pathway, such as ferulates (Sederoff et al. 1999; Bonawitz and Chapple 2010; Ralph 2010) . Ferulates participate in cross-linking between cell-wall polymers Ralph et al. 2004a; Ralph 2010) . Ferulic acid (FA) can be esterified or etherified with the lignin bulk depending on its role in the free-radical mechanism, which can be a simple quinone methide trapping (Scalbert et al. 1986 ) and/ or direct coupling within the free-radical polymerization chain, from which FA cannot be easily released (del Río et al. 2007a; Ralph 2010) . The presence of ferulates in lignins can be easily underestimated and biased by conventional analytical pyrolysis techniques because of decarboxylation reactions (Martín et al. 1995; del Río et al. 2007a) .
The biosynthetic pathway leading to the supramolecular assembly of the different chemical domains in cork CWs is far from being understood. Most biochemical studies were oriented on the biosynthesis of the suberin aliphatic polymer. Previous research focused on suberin from Arabidopsis and potato species and on the identification of genes and enzymes that influence cork phellem development and suberin aliphatics and ferulate biosynthesis (Soler et al. 2007; Gou et al. 2009; Molina et al. 2009; Serra et al. 2009 Serra et al. , 2010a Boher et al. 2013) . The polymeric aromatic domain associated with the aliphatic suberin in the cork CW, usually described as a lignin-like or aromatic-suberin, is not well investigated. Evidence for an independent biosynthetic pathway involving the aromatics is given by Serra et al. (2009) , and experimental results exist for the involvement of H 2 O 2 (needed in lignin biosynthesis) in suberization (Soler et al. 2007) .
Research on the biosynthetic pathway of lignin is better developed (Ralph et al. 2004b; Bonawitz and Chapple 2010; Vanholme et al. 2010) but not free from controversies. There are indications that metabolic variations in the supply of lignin precursors may increase the incorporation of minor components, such as ferulates (Sederoff et al. 1999) . Concerning the suberized tissues, there is a hypothesis that ferulates play a cross-linking role in the molecular assembly in the cork CWs, which are probably also a part of the lignin moiety as already seen in corks from tree barks (Santos and Graça 2006; Gou et al. 2009 ).
The aim of the present study was to look more closely at the role of ferulates in the macromolecular structural assembly of cork CWs, in which suberin and lignin structures are associated. It was demonstrated that a part of ferulates can be extracted from the CW (Kumar and Pruthi 2014) , but no attempt was made to study the solventextractable non-structural ferulates. Various aspects of ferulates in extractive-free cork, desuberized cork, and in other cork polymers were addressed by analytical pyrolysis in the presence of tetramethylammonium hydroxide as methylating reagent (Py-TMAH) and two-dimensional nuclear magnetic resonance spectroscopy (2D-NMR).
Materials and methods
Cork from cork oak (Q. suber L.) was obtained as industrial cork powder (particle size < 80 mesh) from a cork mill in Portugal. Cork was oven-dried and exhaustively extracted in a Soxhlet apparatus with a solvent sequence of dichloromethane, ethanol, and water, and then dried in an oven at 60°C and in vacuum over P 2 O 5 . The total content of extractives amounted to 21%, but no attempt was made to analyze this fraction in the present work. Different fractions were isolated from cork, as detailed in Figure 1 . Milled-cork lignin (MCL) was isolated directly from cork as previously described (Marques et al. 1994) . MCL from desuberized cork (MCL sap ) was isolated as previously described (Marques et al. 1996) .
Depolymerization and analysis of suberin
The suberin content of cork was determined by transesterification with sodium methoxide in dry methanol (0.5% w/v) (Graça and Pereira 2000b) . Suberin depolymerization was made under reflux for 4 h. The reaction products were filtered, washed with fresh methanol, and the pH of the extracts was adjusted to 6 with 0.5 M H 2 SO 4 in methanol. The residual solid was dried and weighed. Suberin was determined gravimetrically from the solid mass loss after depolymerization. The suberin content of cork was determined as the solid mass loss. This approach is reliable and assures that the real in situ mass is measured and that all the solubilized monomers from the polyester matrix are taken into account including glycerol. The methanolic extract was evaporated to dryness and suspended in water. The suberin depolymerizates were recovered by extraction with dichloromethane. Total polyester depolymerization was confirmed by the ester band at 1740 cm -1 in the FTIR spectra of the dried residual depolymerized cork, i.e., desuberized cork (Cork sap ).
Trimethylsilyl (TMS) derivatives from the suberin extract were prepared by reaction with a 1:1 (v/v) mixture of pyridine and N,Obis(trimethylsilyl)trifluoroacetamide (BSTFA with 1% trimethylchlorosilane). The derivatized extract was analyzed by GC-MS/FID with a Thermo Trace Ultra Polaris Ion Trap apparatus from Thermo Finnigan (Austin, TX) equipped with a fused-silica capillary column ZB-5HT (30 m × 0.25 mm × 0.10 μm) from Phenomenex. Identification and quantification were performed separately by GC-MS and GC-FID analysis, respectively. Individual peak areas of the chromatogram were determined by automatic integration (Thermo Excalibur software 1.4 SR1), with manual corrections when necessary. The identification of the compounds was made by comparison of retention times (RTs) and mass spectra with those from our own collection of authentic standards and by comparison with mass spectral libraries (NIST/ EPA/NIH). Quantitation of the identified compounds was determined by the relative peak areas related to the total area.
Py-TMAH analysis
Pyrolysis (Py) coupled with gas chromatography/mass spectrometry (Py-GC/MS) of cork and milled-cork lignins (MCLs) was performed using EGA/PY-3030D micro-furnace pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected to an Agilent 7820A GC (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a DB-1701 Marques et al. (1996) . 2) MCL isolation described in Marques et al. (1994 . He was chosen as the carrier gas (2 ml min -1
). The compounds were identified based on the Wiley (John Wiley and Sons, Hoboken, NJ, USA) and NIST/EPA/NIH 2011 (National Institute of Standards and Technology, Gaithersburg, MD, USA) mass spectral libraries and with those from our own collection of standards. Peak molar areas were calculated for the suberin and lignin-degradation products, the summed areas were normalized and expressed as percentages.
2D-HSQC-NMR
For NMR analysis of cork and MCLs, about 40 mg of sample was dissolved in 0.75 ml of deuterated dimethylsulfoxide (DMSO-d 6 ). 2D-NMR HSQC spectra were acquired at 25°C on a Bruker AVANCE III 500 MHz spectrometer (Bruker, Karlsruhe, Germany) fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse geometry (proton coils closest to the sample). The 2D C. The central solvent peak served as an internal reference (δ C /δ H 39.5/2.49). 2D-NMR cross-signals were assigned as in previous studies (Ralph et al. 2004c; Rencoret et al. 2008 Rencoret et al. , 2009 Rencoret et al. , 2011 del Río et al. 2011 del Río et al. , 2012 . Integration of the lignin and FA cross-signals were performed separately for the different regions of the HSQC spectra, which contain signals that correspond to chemically analogous carbon-proton pairs. For these signals, the 1 J CH coupling value is similar and the semiquantitative estimation of the relative abundance of the different substructures is based on the peak integrals. In the aliphatic-oxygenated region (δ C /δ H 50-90/2.5-5.8), the relative abundances of side-chains involved in inter-unit linkages were estimated from the C α -H α correlations to avoid possible interference from homonuclear 1 H-1 H couplings. In the aromatic/unsaturated region (δ C /δ H 100-155/6.0-8.0), the S 2,6 , G 2 , H 2,6 and FA 2 signals served as the bases for estimating the relative abundances of the different lignin and FA units.
Results and discussion
As shown in Figure 1 , different fractions, including the extractive-free cork (Cork), the suberin monomers and the solid residue obtained after suberin removal by depolymerization (Cork sap ), and the MCLs isolated from Cork (MCL) and from Cork sap (MCLsap), were isolated from cork and analyzed. The presence of FA in all these samples was analyzed. The suberin monomers obtained after depolymerization were analyzed by GC-MS/FID. Under the reactive conditions applied, all the monomeric units with ester links in the polymers were released. The polymeric fractions of the Cork, Cork sap , MCL, and MCL sap samples were analyzed by Py-TMAH and 2D-HSQC-NMR.
Suberin analysis
The suberin content of the cork was 58.5% based on o.d. Cork (46.0% on an o.d. cork without extraction). This value is within the variability of cork composition, although it is higher than the reported mean of 51.1% (of extractive-free cork) (Pereira 2013) . The desuberized cork residue (Cork sap ) did not show the carbonyl ester band at 1740 cm -1 (results not shown), and thus it was concluded that all ester bonds of the suberin skeleton were broken and that all the components that were previously esterlinked in the cork matrix were released. Table 1 presents the monomeric composition of the cork suberin recovered after depolymerization and dichloromethane extraction. With the analytical procedures applied, all the released OH groups were analyzed as trimethylsilyl ethers and the in situ esterified -COOH groups as methyl esters, whereas the in-situ free -COOH groups were derivatized to trimethylsilyl esters and identified as such. Small amounts of the ester derivatives of hydroxy acids and diacids were identified with one trimethylsilyl ester group (TMS). Their origin can be a terminal monomer with one in situ free acid group or the result of some hydrolysis during neutralization of the suberin extract. For simplicity, suberin components are reported in Table 1 in their acid form. Suberin composition is within the expected range for a Q. suber cork, with ω-hydroxyacids and α,ω-diacids as the main components and corresponding to 90% of the total amount (Graça and Pereira 2000b; Olivella and del Río 2011) . Aliphatics and phenolics represent 94.4% and 3.2% of the identified components, respectively (Table 1) . FA represents 2.7% of the total suberin monomers and 93% of the phenolics. The major part of FA (99%) was identified as the methyl ester derivative of ferulates linked to the suberin matrix. The remaining 1% was identified as a trimethylsilyl ester either derived from an FA that was linked to the cork matrix merely by its phenol group or by hydrolysis of the FA methyl ester. These results are in accordance with previously published studies, which reported that the alkali-releasable FA is mainly bound to the suberin matrix as ferulates (Graça and Pereira 1998; Graça 2010) .
The total amount of FA present in the depolymerized suberin is in accordance with the low values found previously (1.0%) and ferulates (0.4%) based on the same procedures (Graça and Pereira 1998, 2000b) . However, these data are substantially lower than the 9% FA found with a Py-TMAH procedure (García-Vallejo et al. 1997) . As shown below, Py-TMAH also yields 9.3% FA content. This result indicates that a substantial part of FA is bound through alkali-resistant bonds (i.e., ether linkages) that are not cleaved during hydrolysis. However, some ether bond cleavage from lignin cannot be totally neglected as this was found to occur in non-woody biomass under soft alkaline pulping conditions (Iglesias et al. 1996) . Small amounts of other phenolic compounds were identified, with vanillin as the second most abundant compound (representing 0.09% of the total suberin monomers). All the identified phenolics are typical lignin products (Ralph et al. 2004a; del Río et al. 2007a ).
Py-TMAH
Conventional analytical pyrolysis (Py) is an established analytical tool for compositional analysis of lignocellulosics, and it is particularly valuable for the analysis of lignin moiety. For example, the lignin composition in corks and in their isolated milled lignins (MCLs) was analyzed by Py (Marques et al. 1996 (Marques et al. , 2006 Marques and Pereira 2013) . However, suberin and lignin have a different thermal resistance/behavior and thus their simultaneous analysis by Py is difficult (Marques and Pereira 2013) : high temperatures are required by suberin for complete pyrolysis; and alkenes and alkadienes are produced by decarboxylation from the aliphatic polyester matrix (Marques and Pereira 2014) , whereas ferulates decarboxylate and less specific compounds, such as 4-vinylguaiacol, which can also arise from the lignin core structure (del Río et al. 1996 (del Río et al. , 2012 , are produced.
Pyrolysis in the presence of tetramethylammonium hydroxide (Py-TMAH) as a methylating reagent helps diminish structural degradation. One speaks about a thermally assisted hydrolysis and methylation (de Leeuw and Baas 1993; del Río et al. 1996) , and its advantages are obvious in the case of a complex cork with high amounts of fatty acid and ester functionalities. By this approach, determination of the aliphatic fatty acids of suberin and identification of FA as a relevant component are possible (Bento et al. 1998 (Bento et al. , 2001 Olivella and del Río 2011) .
The Py-TMAH pyrograms of Cork, desuberized cork (Cork sap ), MCL, and MCL sap are presented in Figure 2 . The assignments and the relative molar abundances of the Py degradation products are listed in Table 2 . The main compounds identified in the pyrograms correspond to suberinic acids (as their methyl esters) derived from the suberin polymer and to phenolic compounds (as their methyl derivatives) arising from the lignin polymer, as well as from ferulates. Minor amounts of carbohydrate-derived compounds are observable, but these were not identified and quantified.
The profiles of the lignin-derived Py-TMAH products are very similar in the four samples in question. There is a high predominance of guaiacyl-derived products (G products) among the released compounds, namely, 1,2-dimethoxybenzene (2), 3,4-dimethoxytoluene (4), 3,4-dimethoxyphenylethylene (10), 1,2-dimethoxy-4-propenylbenzene (14), 3,4-dimethoxybenzaldehyde (15), 3,4-dimethoxybenzoic acid methyl ester (16), and 3,4-dimethoxyacetophenone (17), among others, including the occurrence of the threo/erythro 1-(3,4-dimethoxyphenyl)-1,2,3-trimethoxypropane (26, 27) as the direct Py-TMAH derivative from guaiacylglycerol-β-aryl ether lignin sub-units. This result confirms the known G-rich lignin composition of cork (Marques et al. 1996 (Marques et al. , 1999 (Marques et al. , 2006 Marques and Pereira 2013) . Minor amounts of H-lignin fragments (without OMe groups), including 4-methoxyphenylethylene (1), 4-methoxybenzaldehyde (5), 4-methoxyacetophenone (8) and 4-methoxybenzoic acid methyl ester (9), were also found. Some S-lignin derived compounds, such as 1,2,3-trimethoxybenzene (7) and 3,4,5-trimethoxybenzoic acid methyl ester (24), could also be observed. However, the fact that 3,4,5-trimethoxybenzoic acid methyl ester (24) was found in high amounts in Cork sap and only in minor amounts in the respective MCL sap sample indicates that this compound may arise from non-lignin moieties, most probably from gallic and/or ellagic acids, that give rise to the same compound upon Py-TMAH. This interpretation is also supported by the absence of other S-lignin fragment in these Retention time ( Table 2. samples. Therefore, the relative abundance of S-lignin in the Cork sap may be highly overestimated upon Py-TMAH by the occurrence of gallic and/or ellagic acids. Other related compounds, such as 1,2,4-trimethoxybenzene (11), 1,3,5-trimethoxybenzene (12) and 2,4,6-trimethoxytoluene (13), were also released not from lignin but from other polymers, including carbohydrates (del .
FA was detected in all samples in significant amounts, accounting for 9.3% in Cork, 3.3% in Cork sap , 4.5% MCL, and 5.4% in MCL sap . This finding indicates that FA plays a structural role in the supramolecular assembly of the cork CW, as previously discussed (Graça and Pereira 1998) . In the depolymerized suberin extract (obtained by transesterification), the FA content was 2.7% (Table 1) , whereas in the remaining solid residue, Cork sap , FA accounted for 3.3% (Py-TMAH, Table 2 ). Cork sap represented 41.5% of the Cork, and this means that the FA in cork should be about 3% (0.585 * 2.7+0.415 * 3.3). This value is not in agreement with the high FA content (9%) determined in Cork by Py-TMAH (Table 2 ). This value can be explained by the biased Py-TMAH results with an underestimation of the carbohydrates in cork. In fact, in this pyrogram, aliphatics represented almost 75% and phenolics a total of 25%, but no carbohydrate-derivatives were identified. Therefore, the Py-TMAH results of this sample overestimated the content of aliphatics and should be corrected by considering the known cork polysaccharide content of 20% (Pereira 2013) . The occurrence of carbohydrates can be easily observed in the 2D-HSQC-NMR (as shown below) but are hardly detectable by Py-TMAH as a consequence of the high Py temperatures. With this correction, the content of aliphatics, phenolics, and FA should be approximately 60%, 20%, and 7%, respectively, and this estimation is in accordance with the determined suberin and lignin content of 58.5% of cork (Pereira 2013) . However, this corrected value for the FA content (7%) still seems to be overestimated. This may indicate that FA may also be ether-linked to the polymeric matrix, which cannot be cleaved by transesterification but are released upon Py-TMAH. Transesterification only cleaves ester bonds (and thus makes FA esterified units detectable), whereas Py-TMAH cleaves both ester and ether bonds and releases the total FA molecules linked to the polymer matrix. The differences between ether and ester bonds lability in the alkaline medium can therefore be associated with the overrating of FA by Py-TMAH in cork. If cork lignin was analysed, FA overrating would not have occurred.
Cork sap should be composed approximately of 50% lignin and 50% carbohydrates owing to the chemical composition of cork (Pereira 2013) . The FA in Cork sap accounted for 3.3%, and thus the FA content in Cork sap lignin should be about 6.6% (given that carbohydrates do not include FA). The FA content determined in MCL sap was slightly lower at 5.4% but in perfect accordance considering that some FA involved in cross-links could be lost to lignin-carbohydrate complexes upon the MCL sap isolation (Marques et al. 1996) .
The H/G/S ratios determined by Py-TMAH are in accordance with previously reported data (Marques et al. 1996 (Marques et al. , 2006 Marques and Pereira 2013) and confirm that cork lignin is mainly a G-lignin, in which FA is partially incorporated. The H/G/S ratios determined by conventional pyrolysis (1/98/1-2) for MCL sap (Marques et al. 1996) do not seem to be affected by the inclusion of 4-vinylguaiacol arising from decarboxylation of FA (del Río et al. 2007a) , as previously predicted (Marques and Pereira 2013) .
Some differences were observed in the suberinic fatty acids profile obtained by Py-TMAH of cork (Table 2) in comparison with the reference results obtained by the GC analysis of the depolymerized suberin extract (Table 1) . Upon Py-TMAH, saturated acids (monoacids and diacids) were overestimated (17.2% vs. 7.5%), unsaturated ω-hydroxyacids were underestimated (7.7% vs. 15.3%), and 9,10-epoxides of ω-hydroxyacids and diacids were not detected, although their content in the GC analysis of suberin was 21%. The same kind of ambiguities were observed in other Py-TMAH analyses of cork (Bento et al. 1998; , where the conversion of 9,10-epoxyacids to 9,10-dihydroxyacids and other unidentified derivatives biased the occurrence of epoxides by reaction of the epoxide ring with TMAH.
Aliphatic acids were observed in the Py-TMAH of MCL but were absent in the MCL sap sample (Table 2 ). This result means that suberinic acids are exclusively linked by alkaline-labile bonds to the lignin core and not by alkaline-resistant ether bonds. However, KMnO 4 oxidation of these same cork lignins (Marques et al. 1999) indicate the presence in MCL sap of residual amounts of suberinic acids, which leads to the assumption that alkaline-resistant covalent links are involved (although to a very low extent) in the lignin-suberin core matrices of cork CWs. These findings seem closely related with reports that identified an alkaline-resistant aliphatic polymer, named suberan, in suberized tissues (Tegelaar et al. 1995; Turner et al. 2013 ).
2D-HSQC-NMR
The 2D-HSQC-NMR spectra of Q. suber cork (Cork and Cork sap ) and MCL and MCL sap are presented in Figure 3 . The main lignin correlation peaks assigned in the HSQC spectra are listed in Table 3 , and the main substructures are depicted in Figure 4 . The main types of structural moieties include aliphatic chains from suberin aliphatic acids, lignin, and carbohydrates. In general terms, the analyses by 2D-HSQC-NMR are in close agreement with those of Py-TMAH, except for the occurrence of carbohydrates that were biased upon Py-TMAH. Accordingly, Cork is composed mostly of aliphatic acids, and carbohydrates and smaller amounts of lignin moieties and ferulates are present. Cork sap contains carbohydrates and lignin and small amounts of ferulates, but is depleted in aliphatic acids because of alkaline transesterification, in agreement with the Py-TMAH results (Figure 1) . The MCL is enriched in lignin moieties but still contains some associated aliphatic acids and carbohydrates, whereas the MCL sap is highly enriched in lignin moieties and depleted in carbohydrates and aliphatic acids, as already observed by Py-TMAH.
The side-chain region of the spectra gave useful information about the different inter-unit linkages present in the lignin moieties. In this region, cross-signals from Other signals in the side-chain region of the MCL sap correspond to C γ -H γ correlations (at δ C /δ H 61.3/4.08) assigned to cinnamyl alcohol end-groups (I). Interestingly, the HSQC spectra of the non-saponified 
71.0/3.81 and 4.17
85.8/4.11 samples ( The signals indicating acylation of the γ-carbon were not observed in Cork sap and MCL sap because of the hydrolysis of the ester groups. In summary, the HSQC data indicate that lignin in cork is heavily acylated exclusively at the γ-position, although it cannot provide additional information on the nature of the acylating group and therefore additional experiments would be needed to definitively asses the structure of the acylating group. However, strong signals for acetate groups were also observed in the HSQC spectra of Cork and MCL at δ C /δ H 20.3/1.90, indicating that acetates might be the acylating group on the γ-OH of this lignin, which is common in the case of other lignins (del Río et al. 2007b (del Río et al. , 2012 . In most plants, acetylation of the lignin on γ-OH occurs predominantly on S-units, and sinapyl acetate has been demonstrated to be a lignin monomer participating in coupling and cross-coupling reaction during lignification Ralph 2002, 2008; del Río et al. 2007b del Río et al. , 2008 . Thus, it can be assumed that coniferyl acetate could also act as a monomer in Q. suber cork participating in lignification and implicates the activity of corresponding acetyl transferases in Q. suber cork.
The main cross-signals in the aromatic regions of the HSQC spectra correspond to the different lignin units and to ferulates. Signals from G units, and to a lower extent, from H and S units, are present in the Cork sap and MCL and MCL sap samples. The G units show different correlations for C 2 -H 2 (δ C /δ H 110.9/6.99), and for C 5 -H 5 and C 6 -H 6 (δ C /δ H 114. 9/6.72 and 6.94, and 118.7/6.77, respectively) . The S units, observed mostly in MCL sap , show a signal for the C 2,6 -H 2,6 correlation at δ C /δ H 103.8/6.69, whereas the signals for C 2,6 -H 2,6 of H units at δ C /δ H 127.8/7.22 are also detectable, although in low amounts. Signals corresponding to the C 2 -H 2 correlations of ferulates were observed at δ C /δ H 111.0/7.32 in all the spectra, together with small signals for the correlations corresponding to the unsaturated C α -H α at δ C /δ H 144.7/7.41 in the spectra of Cork and MCL. In this region, a signal around δ C /δ H 127.9/7.36 is visible, although at a low intensity (not shown in the HSQC spectra of Figure 3 ), which is a characteristic of the C 7 -H 7 correlation of the 8-O-4′-coupled dimeric product of ferulates (Ralph et al. 1994 ). This signal was only observed in the case of MCL and MCL sap , and its presence is an indication that ferulates are involved in coupling reactions and participate in the lignification of cork. This finding is in agreement with the previously reported identification of FA dimers in cork (Graça 2010) . Other signals in this HSQC region of the spectra are from unsaturated carbons of cinnamyl alcohol end-groups (I), with their C α -H α and C β -H β correlations observed at δ C /δ H 128.4/6.44 and 128.4/6.23, and cinnamaldehyde end-groups (J), with the C α -H α and C β -H β correlations observed at δ C /δ H 153.4/7.61 and 126.3/6.76, respectively. The total relative content of the cinnamaldehyde end-groups were estimated by comparison of the intensities of the C β -H β correlations in cinnamyl alcohols (I) and aldehydes (J). The relative abundances of the main lignin inter-unit linkages, end-groups, percentage of γ-acylation, aromatic units, S/G ratio and ferulate content estimated from volume integration of contours in the HSQC spectra of Q. suber cork and derived samples, are shown in Table 4 . The data indicate that the structure of MCL and MCL sap is mostly made up of β-O-4′ linkages (accounting for 80% and 77% of all inter-unit linkages, respectively) followed by phenylcoumarans (18% and 20% in MCL and MCL sap , respectively), with lower amounts of resinols (ca. 2%) and dibenzodioxocins (1%). Cinnamyl end-groups (I, J) are present in relatively high abundances. In MCL, cinnamyl alcohol end-groups are mostly γ-acylated (9%) with only small amounts (1%) of normal γ-OH cinnamyl alcohol end-groups (I), whereas cinnamyl alcohol end-groups in MCL sap are free. Accordingly, the major part of the cinnamyl alcohol-end groups are esterified in the cork (its γ-OH is acylated), which are then cleaved after alkaline transesterification. The same occurs with the other lignin substructures, such as the β-O-4′ alkyl-aryl ethers, which are partially acylated at the γ-OH in the MCL, but are completely hydrolyzed after alkaline transesterification and are absent in MCL sap .
The NMR results in terms of H/G/S ratios match roughly to that by Py-TMAH, and confirm the preponderance of G units (up to 98% in MCL). The 2D-NMR profile fulfils all the characteristics of a G-lignin as previously reported for MCL sap . The ferulates content also roughly matches those obtained upon Py-TMAH. However, and in contrast to Py-TMAH observations, only residual amounts of suberin aliphatic acids and carbohydrates are still visible in the HSQC spectra of MCL sap , which may represent moieties intimately linked to lignin. The relatively high proportions of H units found by HSQC in Cork and Cork sap (8-9% of total lignin units), with respect to those present in their respective MCL and MCL sap samples (1%), and to those found by Py-TMAH, may indicate the presence of proteins in these materials that give a signal similar to the H units.
Role of ferulates in the assembly of cork matrix
Lignin in Q. suber cork amounts to 22%, which is approximately half of the suberin content (Pereira 2013) . Lignin is present in the middle lamella and is part of the secondary wall of the cork cells, acting as a supporting framework of the CW (Pereira and Marques 1988) . The results of the present study indicate that FA is roughly equally distributed among the lignin and suberin moieties. In fact, FA is assembled into the cork matrix by two types of linkages: 1) ester/ether linkages that are alkaline labile and release FA molecules upon suberin depolymerisation (Table 1) the FA in this situation represent about 1.6% of cork (2.7% Table 4 : Structural characteristics (lignin inter-unit linkages, end-groups, aromatic units and ferulate content) from integration of in the suberin extract, which accounts for 58.5% of the cork); and 2) ether linkages that are alkaline resistant and remain in the solid residue after suberin removal (Cork sap , Table 2 ) -this FA represent about 1.4% of cork (3.3% in the Cork sap , which accounts for 41.5% of the cork). It can be concluded that the lignin domain contains twice as much FA than the suberin domain. Ferulates are not responsible for the observed lamellation in cork CW and are not necessarily required for the suberin macroaliphatic construction (Serra et al. 2010a) . It can be speculated that ferulates play a cross-linking role between the cork structural-macro moieties, although there is no chemical evidence hitherto to this assumption.
Incorporation of ether-bonded FA in the lignin matrix allows for the establishment of ester bonds of the macromolecule with hydroxyl groups of other chemical entities, such as ω-hydroxyacids from suberins or carbohydrates, thereby strengthening the CW framework. This cross-linking role has already been established for non-woody plants , and ferulates of ω-hydroxyacids and diferulates have been identified in suberin depolymerizates (Graça 2010) . The presence of residual amounts of suberin aliphatics and carbohydrates in MCL sap might also indicate the existence of alkaline-resistant bonds between these moieties.
In other suberized tissues, the content of ferulates may be much higher than the values observed in the present study, thereby resulting in a lignin matrix differing from the conventional lignin composition. In fact, Bernards et al. (1995) identified in wound-healing suberized potato tissues a polyphenolic moiety, which was characterized as a covalently linked hydroxycinnamate-derived polymer matrix, with only minute amounts of lignin.
Conclusion
Py-TMAH and 2D-HSQC-NMR analyses demonstrated that cork lignin is essentially a G-lignin with more than 96% G units, the structure of which is largely dominated by β-O-4′ alkyl-aryl ether linkages (80% and 77% in MCL and MCL sap , respectively), followed by phenylcoumarans (18% and 20% in MCL and MCL sap , respectively), and smaller amounts of resinols (ca. 2%) and dibenzodioxocins (1%). The lignin in cork is heavily acylated (up to 50%) at the γ-OH of the side-chain. Ferulates are part of the lignin structure, where it represent about 6% of the lignin, and seem to be involved in linkages between lignin and suberin. Overall, FA represents up to 3% of the cork and is incorporated into the suberin and lignin structures, where it seems to have an important function in the chemical assembly of cork CWs with a cross-linking role between the structural macromolecules of suberin, lignin, and carbohydrates. FA contributes to the properties of cork tissues along with compositional variations and other possible suberin-lignin linkages.
